Introduction {#S1}
============

Type 2 diabetes (T2D) has reached epidemic proportions in almost all racial/ethnic groups. Currently, over 200 million individuals worldwide suffer from T2D and this number is projected to reach 438 million by 2030 \[[@R1]\]. Although lifestyle and environmental risk factors are believed to be significant contributors to the etiology of diabetes, genetic predisposition has been suggested to play a critical role \[[@R2],[@R3]\]. Recent genome-wide association studies (GWAS) have identified multiple genetic variants for T2D \[[@R4]--[@R7]\]. Except for variants in the TCF7L2 gene which had a modest effect on diabetic risk (odds ratio 1.40--1.56) \[[@R8],[@R9]\], most genetic variants identified so far have only a weak association with diabetes (odds ratios ranging from 1.1 to 1.3) \[[@R10]--[@R12]\]. It is possible that the combination of multiple variants may have a larger effect and potentially improves risk prediction over established risk factors. This study aims to confirm the association of these SNPs with prevalent T2D and evaluate the prognostic value of a combination of these validated SNPs in predicting incident T2D in a large sample comprising 21,183 subjects from three large prospective cohorts, including The Atherosclerosis Risk in Communities (ARIC) Study, the Framingham Offspring Study (FOS) and the Multi-Ethnic Study of Atherosclerosis (MESA).

Methods {#S2}
=======

Study populations {#S3}
-----------------

A detailed description of the study design and methods for each of the three cohorts has been previously reported and is only briefly outlined here.

### ARIC {#S4}

a prospective cohort study to investigate the etiology of atherosclerosis and cardiovascular risk factors \[[@R13]\]. From 1987 to 1989, a total of 15,792 subjects were recruited from four US communities: Forsyth County, NC; Jackson, MS; Minneapolis, MN; and Washington County, MD. Participants were examined about every three years. A total of 12,771 subjects with complete genotype and phenotype data were included in the current analyses.

### FOS {#S5}

The Framingham Heart Study (FHS), initiated in 1948, recruited 5,209 men and women residing in Framingham, MA. In 1971, the Framingham Offspring Study (FOS) was undertaken to expand the original FHS cohort by including 5,124 children and spouses of the FHS cohort. The design and selection criteria of the FHS and FOS cohorts have been detailed elsewhere \[[@R14]\]. A total of 2,760 participants with complete genotype and phenotype data were included in the present investigation.

### MESA {#S6}

a prospective cohort of multi-ethnic groups including 6,814 men and women free of overt cardiovascular disease (CVD) at enrollment. In July 2000, participants were recruited from six field centers: Baltimore, MD; Chicago, IL; Forsyth County, NC; Los Angeles County, CA; New York, NY; and St. Paul, MN. Participants have untaken four clinical examinations through 2007. A total of 5,652 subjects with complete genotype and phenotype data were included in the current analyses.

For all these three cohorts, medical history, physical examination, laboratory tests, and risk factor assessments were performed routinely at each visit \[[@R13]--[@R15]\]. Annual follow-up was conducted to collect information on vital status. All participants provided written informed consents, and the institutional review board of participating institutions or clinical sites approved the studies.

Definition of T2D {#S7}
-----------------

Diabetes was defined as a fasting blood glucose level of 126 mg/ dL (7.0mmol/L) or higher or receiving insulin or any hyperglycemic treatment. Incident cases of T2D were defined as participants who were free of overt T2D at enrollment but met the diagnostic criteria in at least one of the clinical exams during follow-up. Incident cases were also verified by review of medical records.

SNPs selection {#S8}
--------------

We obtained authorization to access GWAS datasets of the three cohorts through dbGaP. Using Affymetrix Genome-Wide Human SNP Assay 6.0 (Affymetrix, Inc., Santa Clara, CA), 841,820 SNPs were genotyped in ARIC and 909,622 SNPs were genotyped in MESA. A total number of 500,568 SNPs were genotyped by Affymetrix 500K Arrays (Affymetrix, Inc., Santa Clara, CA) in FOS.

We did an extensive search for T2D-related SNPs from literature published before December 2010. SNPs that met the following criteria were included in the current analysis: (1) robustly replicated in previous GWAS; (2) genotype data available in the three cohorts (ARIC, FOS and MESA); and (3) positively associated with T2D in all three cohorts.

Statistical analysis {#S9}
--------------------

We first conducted logistic regression analysis to test the association of each individual SNP with prevalent T2D at baseline, adjusting for baseline age, sex, race, BMI, current smoking, high- and low- density lipoprotein (HDL and LDL), and systolic blood pressure (SBP). We then constructed two weighted genetic risk scores (GRS) by summing the number of risk alleles (0, 1 or 2) of each SNP that was independently associated with prevalent diabetes, with one weight being the corresponding effect sizes defined by this study, and another being the effect sizes reported in literature \[[@R16]--[@R20]\]. Since results obtained by the two weights are similar, we choose to present the results obtained using GRS weighted by the effect sizes reported in literature. Analysis was first done in each cohort separately and results were then combined using a random-effects meta-analysis with inverse variance weight. Heterogeneity across the study cohorts was assessed using Q statistics \[[@R21]\]. Multiple testing was adjusted using Bonferroni correction. We did not test the association of these SNPs in FOS because of the limited number of prevalent diabetics (0.5%) in this cohort.

To determine the prognostic value of the weighted GRS (categorized in tertiles) in predicting incident T2D, we performed multivariate Cox proportional hazards regression, adjusting for covariates listed above. The assumption of proportional hazards was tested using scaled Schoenfeld residuals \[[@R22]\]. For each cohort, we estimated the hazard ratio (HR) and corresponding 95% confidence interval (CI) by comparing the highest to the lowest tertile of GRS, and tested the null hypothesis of no linear trend over the tertiles using Wald test. We conducted random-effects meta-analyses to combine results of the three cohorts. Modified inverse normal method \[[@R23]\] was used to combine p-values from the meta-analyses.

To further evaluate the potential value of GRS in risk prediction, we also examined its association with prevalent diabetes at the end of follow-up (i.e., baseline diabetics plus incident diabetes by the end of follow-up) using logistic regression, controlling for covariates described above. Participants were classified into four categories (\<5%, 5--10%, 10--20% and ≥20%) based on predicted probabilities with or without GRS. First, we compared the difference in area under the ROC curve (AUC) using the non-parametric approach based on generalized U-statistics \[[@R24]\]. Second, we calculated the integrated discrimination improvement (IDI) and the net reclassification improvement (NRI), as suggested by Pencina et al. \[[@R25]\]. All continuous variables are log-transformed to increase normality. An association was considered to be significant if adjusted p-value\<0.05. Analyses were done using Plink \[[@R26]\], SAS version 9.2 (SAS Institute Inc., Cary, NC, USA), R statistical package (version 2.11.1) or Matlab 7.10.0.499 (The Math Works, Inc., Natick, MA, USA).

Results {#S10}
=======

Baseline characteristics {#S11}
------------------------

A total of 21,183 subjects, including 12,771 from ARIC, 2,760 from FOS, and 5,652 from MESA, were included in the current analyses. Baseline characteristics of the study participants are shown in [Table 1](#T1){ref-type="table"}. On average, participants from FOS are younger, less obese and more likely to be current smokers (all p's \<0.0001). Prevalence T2D at baseline was 11.6% and 12.7% in ARIC and MESA, respectively. Baseline prevalence of T2D in FOS was very low (0.5%), possibly due to younger age of the study participants at enrollment (mean age 33.7 years old). Incident diabetes rates were similar among participants from ARIC and FOS but higher than those from MESA (9.8% in ARIC and FOS vs. 7.1% in MESA). The median of total follow-up time was 16.1 years, 32.3 years and 6.5 years for ARIC, FOS, and MESA, respectively. The mean GRS scores were 13.3±4.2, 11.7±2.8 and 14.2±3.9 for ARIC, FOS and MESA, respectively. Diabetic patients on average had a higher GRS than nondiabetics (15.3 vs. 13.3, P\<0.0001 in the combined sample).

Single SNP association with prevalent diabetes at baseline {#S12}
----------------------------------------------------------

We confirmed the associations of 12 SNPs with prevalent diabetes in ARIC and MESA ([Table 2](#T2){ref-type="table"}), after correction for multiple testing using Bonferroni adjustment. Out of the 12 SNPs, 9 were genotyped in FOS. The remaining 3 SNPs were imputed by the computer program Impute2 (version 2.1.2) using the 1,000 Genomes Project (2010 interim, Dec., 2010) and the HapMap Phase 3 as reference populations \[[@R27]\].

As anticipated, the genotype risk score constructed using these 12 SNPs was significantly associated with an increased risk for diabetes at baseline. After adjustment for risk factors listed above, the odds ratio (OR, highest vs. lowest tertile) for prevalent T2D was 1.78 (95% CI, 1.45--2.19; P\<0.0001) in ARIC, and 2.63 (95% CI, 1.97--3.51; P\<0.0001) in MESA. We did not test the association of GRS with prevalent T2D in FOS due to limited number of diabetic patients at baseline. Meta-analyses of the two cohorts also revealed a significant association of GRS with prevalent diabetes at enrollment (OR=2.15, 95% CI, 1.47-- 3.14; P=1.5 × 10^−10^) ([Table 3](#T3){ref-type="table"}).

Association of GRS with incident diabetes {#S13}
-----------------------------------------

The median follow-up time to the first T2D event was 8.8 years, 26.3 years and 4.7 years for ARIC, FOS, and MESA, respectively. [Table 3](#T3){ref-type="table"} shows the association of GRS with incident T2D. Compared with those in the bottom tertile of GRS, subjects in the top tertile had 1.31 times (95% CI 1.08--1.57; P= 0.0008) and 2.64 times (95% CI 1.84--3.79; P\<0.0001) increased risk of T2D in ARIC and FOS, respectively. But GRS did not predict incident diabetes in MESA (P=0.26). Meta-analyses combining samples from all three studies identified a 1.62 times increased risk (95% CI, 1.08--2.44; P= 0.02) in comparing subjects in the highest tertile of GRS to those in the lowest tertile. We detected a significant heterogeneity across the three studies (Q=12.04, P=0.003), but this should not be a concern for our analyses because random effects meta-analysis used in this study takes into account both within-and between-study variability \[[@R28]\].

Additionally, we examined whether the observed association between GRS and incident diabetes was driven by rs7901695 in the gene TCF7L2, the strongest diabetic gene reported so far. After removing rs7901695, the hazard ratio (HR) for incident diabetes was only slightly attenuated in each cohort, with HR=1.28 (95% CI, 1.06--1.54; P=0.025) in ARIC, HR=2.24 (95% CI, 1.58--3.16; P\<0.0001) in FOS and HR=1.18 (95% CI, 0.85--1.66; P=0.32) in MESA. Thus, the observed association of GRS with incident diabetes is unlikely dominated by this SNP.

[Figure 1](#F1){ref-type="fig"} shows the distribution of the number of risk alleles carried among the study participants by diabetes status at the end of study follow-up. The distribution is approximately normal, with diabetics carrying more risk alleles than nondiabetics. [Figure 2](#F2){ref-type="fig"} shows ORs associated with carrying increased number of risk alleles compared with reference group (0--6 risk alleles). Individuals carrying 18 or more risk alleles were more than twice as likely to have T2D as those carrying 6 or less risk alleles (OR=2.42, 95% CI: 1.82--3.42; P\<0.0001). [Table 3](#T3){ref-type="table"} shows the significant association of GRS with prevalent T2D at end of follow-up in each cohort as well as the combined sample. The adjusted-OR (highest vs. lowest tertile of GRS) was 1.64 (95% CI: 1.39--1.92; P\<0.0001) for ARIC, 2.65 (95% CI: 1.78--3.96; P\<0.0001) for FOS, and 2.18 (95% CI: 1.71--2.78; P\<0.0001) for MESA. Meta-analysis of the three cohorts showed a two-fold increased risk for diabetes (OR=2.08, 95% CI: 1.59--2.74; P\<0.0001) after adjusting for covariates. The AUC estimates with and without GRS, adjusting for known risk factors, was 0.74 and 0.75, respectively (P\<0.0001, [Figure 3](#F3){ref-type="fig"}), indicating that including GRS slightly, yet significantly, improves risk prediction for T2D beyond established risk factors.

Results for risk reclassification of prevalent T2D were shown in [Tables 4](#T4){ref-type="table"}. A total of 276 participants (29%) with T2D at 10--20% risk estimated using only known coronary risk factors were reclassified into ≥20% category when GRS was added to the model, and 932 participants (20%) without T2D were reclassified from ≥20% into the 10--20% category when GRS was included. Both IDI (IDI=0.016; P\<0.0001) and the NRI (NRI=0.076; P\<0.0001) were highly significant, suggesting that including GRS significantly improves the discriminatory ability for risk prediction of T2D over known risk factors.

[Figure 4](#F4){ref-type="fig"} shows the estimated unadjusted survival curves by GRS tertiles. There was a clear trend toward increasing risk of diabetes with a higher GRS, with the highest tertile of GRS presenting a significant HR of 1.94 (95% CI, 1.69--2.24; P\<0.0001) in ARIC, 2.35 (95% CI, 1.67--3.32; P\<0.0001) in FOS, and 1.70 (95% CI, 1.33--2.18; P\<0.0001) in MESA.

Discussion {#S14}
==========

In a sample of 21,183 subjects from three large prospective cohorts, we replicated the individual association of 12 GWAS-identified SNPs with prevalent T2D and demonstrated that cumulative effect of these 12 SNPs significantly predicts incident T2D independent of multiple risk factors. Moreover, the genotype risk score of these 12 SNPs significantly improves risk prediction and reclassification of T2D over known cardiovascular risk factors. To our best knowledge, this is the first investigation of its kind in a large sample of longitudinal cohorts from the U.S communities.

Except for TCF7L2*,* most SNPs identified so far displayed weak or modest effects on diabetes \[[@R4]\]. In line with previous findings, our study also demonstrated that a SNP in TCF7L2 (rs7901695) showed strong association with T2D. Specially, subjects carrying the "C" risk allele of rs7901695 had a 1.42 times increased risk (95% CI, 1.32--1.51; P=1.27 × 10^−24^) for T2D compared to those carrying the "T" allele. In addition, our study elucidated a cumulative effect of multiple diabetes-susceptible loci in relation to diabetic risk. Previous studies showed that including genetic information of risk variants provided only limited value in prediction of T2D beyond classical risk factors \[[@R29],[@R30]\].

Our study, however, demonstrated that knowledge of common genetic variants significantly improves risk prediction and reclassification of T2D beyond clinical risk factors. This finding is corroborated by a recent study indicating that inclusion of common genetic variations appropriately reclassifies younger patients with T2D \[[@R31]\]. Our study has a few limitations. First, we only included a subset of diabetes-associated SNPs available in our study sample. Nonetheless, previous study showed that including more associated SNPs might not contribute much to risk prediction \[[@R32]\]. Second, the three cohorts used in our analyses were undertaken in U.S. communities and hence our results might not be generalized to ethnic groups different from those used in this study. Third, despite the large number of subjects involved, our analyses may still be underpowered to detect variants of small effect and rare variants. Fourth, using GRS to evaluate joint effects of multiple risk variants assumes independence among the studied SNPs. However, genetic interactions (e.g., gene-gene) are known to play important roles in the etiology of complex disorders including diabetes \[[@R33],[@R34]\]. Finally, despite adjustment for race in all statistical analyses, we cannot fully exclude the possibility of population stratification or confounding by ancestry in our samples.

In summary, we confirmed the associations of 12 GWAS-identified diabetic SNPs with prevalent T2D in three well-phenotyped prospective cohorts, and further demonstrated that the combined effects of these diabetic risk variants significantly predict incident diabetes independent of known cardiovascular risk factors. Moreover, a GRS comprising these 12 SNPs also significantly improves risk prediction and reclassification for T2D over classical risk factors. However, because of the unknown pathophysiology of these risk variants, the clinical implications of our findings remain to be determined. Given the high heritability of diabetes, the potential roles of more common variants and other sources of variation, such as rare variants, copy number variation and epigenetics, should also be investigated in future research.
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###### 

Demographic information of the study participants.

                                   ARIC (n=12,771)   FOS (n=2,760)   MESA (n=5,652)   P-value
  -------------------------------- ----------------- --------------- ---------------- ----------
  Sex                                                                                 
   Male (n, %)                     5704 (44.7%)      1258 (45.6%)    2753 (48.7%)     \<0.0001
  Age (mean±SD, in years)          54.1± 5.7         33.7±9.3        62.4±10.3        \<0.0001
  Ethnicity                                                                           \<0.0001
   White                           9633 (75.4%)      2696 (97.7%)    2224 (39.4)      
   Black                           3138 (24.6%)      7 (0.3%)        1386 (24.5%)     
   Other                           \-                57 (2%)         2042 (36.1%)     
  HDL (mg/dl)                      51.5±16.9         51.5±14.5       50.8±14.8        0.009
  LDL (mg/dl)                      137.9±39.2        120.1±32.9      117.2±31.6       \<0.0001
  SBP (mm Hg)                      120.9±18.5        119.0±14.2      134.4±19.0       \<0.0001
  DBP (mm Hg)                      73.6±11.2         77.1±9.9        75.2 ±10.0       \<0.0001
  BMI (kg/m^2^)                    27.7±5.3          24.9±4.1        28.3±5.5         \<0.0001
  Current smoker (n, %)            3291 (25.8%)      1065 (38.7%)    708 (12.5%)      \<0.0001
  Follow-up time (in years)                                                           
   Mean±SD                         15.4±2.9          31.0±4.0        6.1±1.2          \<0.0001
   Median                          16.1              32.3            6.5              \<0.0001
  Baseline T2D prevalence (n, %)   1484 (11.6%)      13 (0.5%)       717 (12.7%)      \<0.0001
  T2D incidence (n, %)             1249 (9.8%)       272 (9.9%)      400 (7.1%)       \<0.0001
  GRS                              13.3±4.2          11.7±2.8        14.2±3.9         \<0.0001

**Abbreviations:** HDL: High Density Lipoprotein; LDL: Low-Density Lipoprotein; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; BMI: Body Mass Index; T2D: Type 2 Diabetes; GRS: Genotype Risk Score

###### 

Significant associations of 12 GWAS-identified risk variants with prevalent T2D at enrollment[a](#TFN2){ref-type="table-fn"}.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------
  SNP          Gene        Risk allele   ARIC                MESA           Pooled[b](#TFN3){ref-type="table-fn"}                                      
  ------------ ----------- ------------- ------------------- -------------- --------------------------------------- -------------- ------------------- --------------
  rs10923931   *NOTCH2*\   **T**         1.43 (1.30--1.57)   2.1×10^−14^    1.35 (1.16--1.57)                       1.32×10^−4^    1.41 (1.30--1.52)   1.54×10^−17^
               *ADAM30*                                                                                                                                

  rs780094     *GCKR*\     **C**         1.33 (1.22--1.44)   2.5×10^−11^    1.30 (1.14--1.47)                       5.40×10^−5^    1.32 (1.23--1.41)   6.63×10^−15^
               *TMEM195*                                                                                                                               

  rs1801282    *PPARG*     **C**         1.53 (1.32--1.77)   1.48×10^−8^    1.53 (1.19--1.96)                       9.66×10^−4^    1.53 (1.35--1.74)   5.56×10^−11^

  rs1470579    *IGF2BP2*   **G**         1.50 (1.39--1.61)   3.27×10^−28^   1.24 (1.11--1.38)                       1.95×10^−4^    1.37 (1.13--1.65)   1.2×10^−3^

  rs10946398   *CDKAL1*    **G**         1.34 (1.24--1.44)   7.43×10^−14^   1.44 (1.28--1.62)                       1.03×10^−9^    1.37 (1.28--1.47)   3.28×10^−18^

  rs7756992    *CDKAL1*    **C**         1.42 (1.32--1.53)   7.98×10^−20^   1.41 (1.25--1.58)                       9.14×10^−9^    1.42 (1.33--1.51)   4.98×10^−27^

  rs864745     *JAZF1*     **T**         1.31 (1.22--1.42)   5.56×10^−12^   1.29 (1.14--1.46)                       4.19×10^−5^    1.31 (1.22--1.40)   1.07×10^−15^

  rs564398     *CDKN2B*    **A**         1.46 (1.34--1.59)   4.37×10^−19^   1.38 (1.20--1.59)                       9.3×10^−6^     1.44 (1.34--1.55)   2.54×10^−23^

  rs7901695    *TCF7L2*    **C**         1.45 (1.34--1.57)   1.44×10^−20^   1.34 (1.19--1.52)                       1.36×10^−6^    1.42 (1.32--1.51)   1.27×10^−24^

  rs1495377    *NR*        **G**         1.25 (1.16--1.35)   1.27×10^−08^   1.37 (1.21--1.56)                       5.23×10^−7^    1.29 (1.18--1.41)   1.04×10^−8^

  rs11634397   *ZFAND6*    **T**         1.32 (1.22--1.42)   1.44×10^−12^   1.23 (1.10--1.38)                       2.17×10^−4^    1.29 (1.21--1.37)   2.23×10^−15^

  rs8042680    *PRC1*      **A**         1.47 (1.37--1.58)   8.03×10^−27^   1.56 (1.39--1.75)                       1.21×10^−13^   1.49 (1.41--1.59)   9.82×10^−39^
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------

Multiple testing was adjusted using Bonferroni correction

Results from MESA and ARIC were combined using random-effects meta-analysis

###### 

Association between genotype risk score, T2D prevalence and incident T2D.

  Association of GRS with T2D prevalence at enrollment                                                             
  ---------------------------------------------------------------- ----------------------------------------------- -------------
   ARIC                                                            1.78 (1.45--2.19; P\<0.0001)                    \<0.0001
   FOS                                                             \--                                             \--
   MESA                                                            2.63 (1.97--3.51; P\<0.0001)                    \<0.0001
  Pooled                                                           2.15 (1.47--3.14; P\<0.0001)                    1.5×10^−10^
  Association of GRS with T2D prevalence at the end of follow-up                                                   
  Study                                                            OR (95% CI, tertile 3 vs. tertile 1; P-value)   P for trend
   ARIC                                                            1.64 (1.39--1.92; P\<0.0001)                    \<0.0001
   FOS                                                             2.65 (1.78--3.96; P\<0.0001)                    \<0.0001
   MESA                                                            2.18 (1.71--2.78; P\<0.0001)                    \<0.0001
  Pooled                                                           2.08 (1.59--2.74; P\<0.0001)                    4.9×10^−12^
  Association of GRS with incident T2D                                                                             
  Study                                                            HR (95% CI, tertile 3 vs. tertile 1; P-value)   P for trend
   ARIC                                                            1.31 (1.08--1.57; P=0.0008)                     0.0008
   FOS                                                             2.64 (1.84--3.79; P\<0.0001)                    \<0.0001
   MESA                                                             1.32 (0.95--1.83; P=0.10)                      0.26
  Pooled                                                            1.62 (1.08--2.44; P=0.02)                      1.5×10^−14^

All ORs and P-values adjusted for age, sex, race, current smoking, BMI, HDL, LDL and SBP

###### 

Reclassification of individuals on predicted risk of T2D with and without GRS (pooled).

  Predicted risk[a](#TFN5){ref-type="table-fn"}     Predicted risk based on known risk factors + GRS                             
  ------------------------------------------------- -------------------------------------------------- ------------ ------------ ------------
  Cases                                                                                                                          
  0--5%                                             17 (57%)                                           13 (43%)     0            0
  5--10%                                            18 (10%)                                           107 (61%)    50 (29%)     0
  10--20%                                           0                                                  91 (10%)     582 (61%)    276 (29%)
  ≥ 20%                                             0                                                  0            219 (9%)     2269 (91%)
  Non-cases                                                                                                                      
  0--5%                                             557 (84%)                                          109 (16%)    0            0
  5--10%                                            497 (17%)                                          1816 (64%)   533 (19%)    
  10--20%                                           0                                                  1114 (19%)   3796 (66%)   879 (15%)
  ≥ 20%                                             0                                                  0            932 (20%)    3738 (80%)
  Net reclassification improvement of GRS for T2D                                                                                
                                                    Individual reclassified                            NRI          P-value      
                                                    Up                                                 Down                      
  Cases                                             339                                                328          0.003        0.67
  Non-cases                                         1518                                               2543         0.073        \<0.0001
  Total                                             \-                                                 \-           0.076        \<0.0001

Predicted risk based on known risk factors only, including age, sex, race, current smoking, BMI, HDL, LDL and SBP
